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ParvocellularDevelopmental dyslexia is a common learning disability characterized by normal intelligence but difﬁculty in
skills associated with reading, writing and spelling. One of the most prominent, albeit controversial, theories of
dyslexia is the magnocellular theory, which suggests that malfunction of the magnocellular system in the brain
is responsible for the behavioral deﬁcits. We sought to test the basis of this theory by directly measuring the lat-
eral geniculate nucleus (LGN), the only location in the brain where the magnocellular and parvocellular streams
are spatially disjoint. Using high-resolution proton-density weighted MRI scans, we precisely measured the an-
atomical boundaries of the LGN in 13 subjects with dyslexia (ﬁve female) and 13 controls (three female), all
22–26 years old. The left LGN was signiﬁcantly smaller in volume in subjects with dyslexia and also differed in
shape; no differences were observed in the right LGN. The functional signiﬁcance of this asymmetry is unknown,
but these results are consistent with the magnocellular theory and support theories of dyslexia that involve dif-
ferences in the early visual system.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Developmental dyslexia is a speciﬁc learning disability of reading
and spelling that cannot be attributed to low intellectual ability or inad-
equate schooling (Shaywitz, 1998). Prevalence estimates depend on
whether the diagnostic thresholds are relative to age or IQ. However,
approximately 7% of the population is identiﬁed as having dyslexia in
both cases where IQ and age discrepancies are taken into account
(Peterson and Pennington, 2012).
The cause of dyslexia is a subject of intense debate (e.g. Franceschini
et al., 2012; Goswami, 2011; Stein, 2014; Vidyasagar and Pammer,
2010), and contradictory results may be found in the literature (e.g.
Eden and Zefﬁro, 1998; Gori et al., 2014a, 2014b; Olulade et al., 2013).
Based initially on post-mortem measurements showing a reduction of
27% in the size of the magnocellular but not parvocellular cell bodies
in the lateral geniculate nucleus (LGN) of a small (ﬁve) sample of sub-
jects with dyslexia (Livingstone et al., 1991), a magnocellular theory
(Stein, 2001; Stein and Walsh, 1997) that suggests that malfunction of
the magnocellular system in the brain is responsible for the behavioral
deﬁcits in dyslexia.esearch Centre, 4700 Keele St.,
. This is an open access article underThe magnocellular stream in the human visual system is specialized
to convey temporal information (Derrington and Lennie, 1984;
Solomon et al., 2004). It begins in the parasol retinal ganglion cells, pro-
jects to the two inferior layers of the LGN, the primary visual nucleus in
the thalamus, and thereafter intermingles with the other streams to
varying degrees throughout the cortex (Merigan and Maunsell, 1993).
The LGN is therefore the only location in the brain where the
magnocellular stream is spatially isolated, permitting a unique structur-
al test here. It is also difﬁcult to isolate themagnocellular pathway using
particular visual stimuli (e.g. Skottun, 2001a; Skottun, 2001b, 2004;
Skottun and Skoyles, 2007; Skottun and Skoyles, 2006a,b). Although
Livingstone et al. (1991) examined the LGN in a small sample of post-
mortem brains, their ﬁndings have never been replicated nor measured
in vivo.
Dyslexia has been associated with deﬁcits in behaviors associated
with the magnocellular stream, such as motion discrimination (Demb
et al., 1998a; Solan et al., 2003; Wilmer et al., 2004), contrast sensitivity
for stimuli with higher temporal and lower spatial frequencies
(Lovegrove et al., 1982; Martin and Lovegrove, 1984, 1987; Mason
et al., 1993), temporal processing (Eden et al., 1995; Laycock and
Crewther, 2008; Lovegrove et al., 1980), and visuospatial attention
(Facoetti et al., 2000; Franceschini et al., 2012; Franceschini et al.,
2013; Gabrieli and Norton, 2012; Rufﬁno et al., 2014; Steinman et al.,
1998; Vidyasagar, 2004; Vidyasagar and Pammer, 1999, 2010).the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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deﬁciencies in the magnocellular system and dyslexia, there is still dis-
agreement on the causal relationship (e.g. Gori et al., 2014a; Olulade
et al., 2013).
Since the magnocellular theory originated from ﬁndings of a reduc-
tion in the size of neurons in the magnocellular layers of the LGN in a
small group of post-mortem dyslexia brains, we sought to test the gen-
erality of this ﬁnding in vivo in a larger sample. We compared the vol-
ume and morphology of the LGN in subjects with dyslexia to a set of
IQ-matched controls.
2. Materials and methods
2.1. Subjects
This study included 13 subjects (ﬁve female) with dyslexia and 13
IQ-matched controls (three female), all 22–26 years old. None had
other neurological disorders, their native language was English and all
were right-handed. The subjects with dyslexia were recruited from
the university Learning Center, where they had been registered as
having reading disorders on the basis of professional assessments. All
subjects provided informed written consent, and the University of Mis-
souri ethics committee approved the research protocol.
2.2. Behavioral measures
In all subjects we measured the Full Scale (4) IQ, Performance IQ,
Verbal IQ and Digit Span (scaled) from the Wechsler Adult Intelligence
Scale (WAIS-III) test (Wechsler, 1997);Word Attack, Letter-Word Iden-
tiﬁcation, Spelling and the composite Basic Reading Skills (percentile)
from the Woodcock–Johnson Tests of Achievement (Woodcock et al.,
2001); and Phonological Awareness, Rapid Naming (digits and letters)
and Alternate Rapid Naming (colors and objects) from the Comprehen-
sive Test of Phonological Processing (CTOPP) (Wagner et al., 1999). We
report all measures as standardized scores obtained from the norm-
referenced instruments. For each test score, we performed a two-
tailed t-test between subjects with dyslexia and controls.
2.3. Imaging parameters
For each subject, 40 proton density (PD) weighted turbo spin echo
images [acquisition time 83 s, 0.75 × 0.75 × 1 mm3 resolution, 48 coro-
nal slices, TR=2970ms, TE=22ms,ﬂip angle=120° and a 2×parallel
imaging acceleration factor (GRAPPA)] were acquired with a Siemens
(Erlangen, Germany) Trio 3 T MRI scanner at the Brain Imaging Center
at the University of Missouri. These images were registered using an
afﬁne transformation (Jenkinson et al., 2002) to correct for displace-
ment between acquisitions, upsampled to twice the resolution in each
dimension, and averaged to create a mean image with high signal-to-
noise that clearly revealed the anatomical boundaries of the LGN. A
high-resolution T1-weighted scan was also obtained for each subject
(MPRAGE, isotropic 1 mm3 resolution), and white and gray matter
were segmented (Zhang et al., 2001) and summed to calculate total
brain volume.
2.4. LGN volume measurements
The anatomical extent of each LGN was traced manually on the
mean PD images by six independent raters blind to group membership.
Amaskwas created for each LGN in every subject by calculating theme-
dian of the six individual binary masks (Fig. 1). The volume of each LGN
was calculated from these median masks, with any values of 0.5 in the
median mask adding one half voxel to the volume. We conducted a
repeated measures analysis of covariance (ANCOVA) to compare the
volume of the LGN between the dyslexia and control groups, with
the volume of the left and right LGN as the repeated factor, groupmembership as a between-subjects factor, and gender, total brain volume
and age as covariates. Since there were no signiﬁcant effects or interac-
tions for age or gender, these variables were excluded from subsequent
analyses. The height, width, depth, and lateral distances from themidline
were similarly examined. All measures passed Levene3s test of equality of
error variances. Statistics were calculated using SPSS 20 for Mac (IBM,
Inc.).
2.5. LGN morphology
To test whether any differences in LGN volume could be determined
to be speciﬁc to one region of the LGN, as would be expected by the
magnocellular hypothesis, we conduced detailed morphological analy-
ses of the LGN comparing the two groups, using two different methods.
First, we aligned all of the LGN by their centers of mass, to compare the
LGN shape in the native space of each subject. We rigidly (no scaling)
oriented the PD images in native space to the AC–PC line and inter-
hemispheric plane, preserving the original dimensions of the native
brain. This transformation was applied to the median LGN masks,
which were then registered by their centers of mass and averaged to
create a probability map for each group in native space. To compare
these probability distributions, in each hemisphere, the set of individual
LGN masks for each subject were compared voxel-wise with
permutation-based non-parametric testing, correcting for multiple
comparisons using threshold-free cluster enhancement (Smith and
Nichols, 2009).
Second, to test for differences in location of the LGN relative to stan-
dard coordinates, we computed a probabilistic atlas of LGN location. The
PD images were transformed into a standard space (MNI) via a nonline-
ar transformation (Avants et al., 2008). The output transformations were
then applied to the median LGN masks. The transformed median LGN
masks were averaged to calculate the probability in standard space of
each voxel belonging to the LGN. To insure that the nonlinear transforma-
tion did not alter the volume of the LGN differently between groups, we
performed a three-way ANOVA with hemisphere and volume before
and after the transformation as within-subject repeated measures, and
group membership as a between subjects factor. The total brain volume
was not signiﬁcantly correlated with either the left or right LGN volume
before or after the transformation and was therefore excluded from the
analysis. Both left and right LGN volumes signiﬁcantly increased during
the transformation, as did total brain volume, but therewas no signiﬁcant
interaction with hemisphere (F1,24 = 0.001, p= .98) or group (F1,24 =
0.82, p= .38).
3. Results
3.1. Behavioral measures
The behavioral assessments used to verify the subject classiﬁcations
are summarized in Table 1. As the two groups were matched on the
measures of age and IQ, there were no signiﬁcant group differences
for these measures. As expected, there were signiﬁcant differences be-
tween the groups on skills related to reading.
3.2. LGN volume
The main effect of group (dyslexia vs. controls) on the LGN volume
was marginally signiﬁcant (F1,24 = 3.13, p = .089). A Tukey post-hoc
test revealed that the volume of the left LGN was signiﬁcantly smaller
in subjects with dyslexia, 98.9 ± 8.0 mm3, than controls, 120.7 ±
6.2 mm3 (F1,23 = 6.12, p= .02). The volume of the right LGN followed
the same trend, 103.8 ± 7.0 mm3 vs. 112.3 ± 7.0 mm3, but the differ-
ence was only marginally signiﬁcant (F1,23 = 2.89, p= .10). As can be
seen in Fig. 2, the statistical difference between the two groups is weak-
ened by two LGN outliers (N2σ), one in each hemisphere but belonging
to different subjects in the dyslexia group. Our volumemeasurements of
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Fig. 1. LGN images andmasks. Top left: Coronal slice of proton densityweighted image zoomed to the posterior thalamus.Middle left: Same imagewith LGNmask highlighted. Bottom left:
Outline of a human LGN from a stained section (Andrews et al., 1997) with labeled parvocellular (P) and magnocellular (M) layers. Right: Coronal cross-sections through the centers of
mass for the left (L) and right (R) LGN masks for all of the subjects in the study.
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ly consistent with those measured histologically in post-mortem
brains — a mean volume of 115 and 121 mm3 for the left and right
LGN, respectively (Andrews et al., 1997).
The difference in the volume of the left LGN is primarily due to a
reduction in the depth (anterior to posterior), which was signiﬁcantly
smaller (F1,24 = 5.07, p = .034) in subjects with dyslexia, 7.01 ±
0.23 mm, compared to controls, 7.73 ± 0.23 mm. The depth of
the right LGN was not signiﬁcantly different between populations
(F1,24 = 0.68, p = .42). There was no signiﬁcant correlation between
brain volume and left LGN volume (r=−.06, p= .76) or right LGN vol-
ume (r=−.34, p= .09); there was a marginally signiﬁcant difference
(t24 = 1.92, p = .07) in brain volume between groups, with controls
being larger (1293 ± 29 cm3 vs. 1215 ± 29 cm3).
To test for associations between reading abilities and the size of the
left and right LGN, we conducted a non-parametric Pearson correlation.
No signiﬁcant correlations were found between the volume of the right
LGN and any of the behavioral measurements. The left LGN was signiﬁ-
cantly and positively correlated only with Spelling (p= .045).
3.3. LGN morphology in center-of-mass coordinates
The LGN masks in native space were registered to each other by
aligning their centers of mass and averaging to assess LGN morphology
independent of position within the brain (Fig. 3). In these coordinates,the morphology of the LGN varied signiﬁcantly between groups. The
voxels in the most anterior and posterior slices of the left LGN had a
high probability of belonging to the control LGN, indicating the reduced
depth of the LGN in the dyslexia group. This difference was less pro-
nounced in the right LGN, where no voxels were signiﬁcantly different
between the group distributions.
3.4. LGN probability atlas
To create a probability atlas of the location of the LGN in standard
space, each subject3s brain was nonlinearly transformed into standard
space, and this transformation was then applied to the LGN masks.
The masks were then averaged in standard space to create a probability
atlas (Fig. 4). To compare the two groups, the probability maps for the
control LGNwere subtracted from themaps for the dyslexia LGN. Voxels
along the superior boundaries of the LGN were more likely to belong to
subjects with dyslexia, and voxels along the inferior surface more likely
belonged control subjects.
4. Discussion
The purpose of this study was to test a key component of the
magnocellular theory of dyslexia by investigating the anatomical struc-
ture of the LGN in a group of subjects with dyslexia compared to controls.
The LGN is the only location in the brainwhere themagnocellular stream
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Fig. 2. LGN volume. Themean volumes, measured in native space, of the left and right LGN
are shown for each group. Error bars indicate the standard error of the mean. The circular
symbols indicate the volumes for individual subjects.
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sults indicate signiﬁcant differences in the volume, morphology and loca-
tion of the LGN between the two groups, providing the ﬁrst evidence of
anatomical abnormalities in the LGN in vivo associated with dyslexia.
We found that the total volume of the left LGN was reduced by ap-
proximately 18% in subjectswith dyslexia compared to controls, and ap-
proximately by 7.5% (non-signiﬁcant) in the right LGN. Given that thelortnoCaixelsyD
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Fig. 3. Probability maps of the LGN anatomy in native space. Each row shows a separate corona
izontal slice through the control LGNmap. The slices are arranged from anterior (A) to posterio
(L) and right (R) LGN in the native space, registered by the center ofmass. The color code indica
difference in probabilities between the dyslexia and control maps. The rightmost column indica
parisons. There were no signiﬁcant differences in the right LGN.magnocellular layers compose a mean of 23% and 24% of the total vol-
ume, for the left and right LGN, respectively (Andrews et al., 1997),
our measured volume differences between the two populations exceed
what would be expected if the reduction were due to the shrinking of
themagnocellular cell bodies alone. However, the relationship between
the volume of the LGN and the size of the neuronal cell bodies that it
contains is not clear, as Livingstone et al. (1991) measured only the
cell bodies and not the overall LGN volume.
The spatial resolution of our anatomical images was insufﬁcient to
differentiate the individual layers of the LGN, thus making it impossible
to determine from the overall volume changes the contribution speciﬁ-
cally from the magnocellular layers and not from the parvocellular or
even koniocellular layers. However, the morphological differences in
the inferior portion of the LGN, with voxels here having a higher proba-
bility of belonging to the control rather than dyslexia group, are consis-
tent with the magnocellular hypothesis and support a number of other
studies linking dyslexia with a speciﬁc magnocellular deﬁcit (Demb
et al., 1998a; Demb et al., 1998b; Galaburda and Livingstone, 1993;
Gori et al., 2014a; Laycock and Crewther, 2008; Livingstone et al.,
1991; Stein, 2001; Stein andWalsh, 1997). These morphological results
must be interpreted with caution due to the uncertainty of how the
structural and developmental pressures resulting from changes in one
section of the LGN might materialize in changes in position and mor-
phology of the whole structure.
The unexpected asymmetry between hemispheres – a stronger dif-
ference between groups in the left than the right LGN – is compatible
with themagnocellular hypothesis. There is evidence that the left hemi-
sphere receives moremagnocellular input than the right, from both the
auditory and visual systems (Stein, 1994), and that the magnocellular
pathwaymay contribute to the left hemisphere advantage for ﬁne tem-
poral resolution. High-level cognitive mechanisms in the left hemi-
sphere may process information with higher temporal resolution from
the magnocellular pathway more efﬁciently (Okubo and Nicholls,
2005). Hence, magnocellular deﬁcits in dyslexia might be expected pre-
dominantly in the left LGN. Earlier neuroanatomical studies have also
shown subtle brain malformations in the left hemisphere of subjects
with dyslexia (vanHerten et al., 2008). Thesemalformationsmay be ex-
plained as a deﬁcit in brain maturation (Démonet et al., 2004), whichDyslexia − Control Significance
p < .05 p < .1−0.5 0.5
l slice from the anterior LGN. In the inset, the slice locations are shaded green over a hor-
r (P). The left two columns show the average map of all subjects in each group for the left
tes the probability of each voxel belonging to the LGN. The third column showsmaps of the
tes the statistical signiﬁcance of the difference for the left LGN, corrected for multiple com-
Dyslexia Control
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Fig. 4. Probability maps of the location of the LGN in standard space. Each row shows a separate coronal slice, arranged from anterior (A) to posterior (P), y=−27.5 to−29 (MNI
coordinates). In the inset, the slice locations are shaded green over a horizontal slice through the control LGNmap. These slices were chosen for display because they showed the
most pronounced differences between groups. The left two columns show, for each group, the location probability in standard space of the LGN across subjects, for the left
(L) and right (R) LGN. The color code indicates the probability of the voxel to belong to each LGN. The MNI coordinates of the centers of mass of the probability distributions
were: left dyslexia (−22.5, −27.5, −4.8), right dyslexia (23.5, −26.3, −3.9), left control (−22.6, −26.7, −5.5), right control (23.8, −25.8, −4.8). The right column shows
the difference of the maps between groups (dyslexia− control).
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with brainmaturation lagging in dyslexia (Satz et al., 1971). Interesting-
ly, recent studies have shown that the size of the left V1 is correlated
with performance in tasks involved in selective spatial attention
(Verghese et al., 2014) and perception of visual illusions (Schwarzkopf
et al., 2011; Schwarzkopf and Rees, 2013). These asymmetric correla-
tions ought to extend to the LGN, as the volumes of the LGN and V1
are correlated (Andrews et al., 1997).
The main criticism of the magnocellular hypothesis is that it cannot
explain the phonological deﬁcits (Kronbichler et al., 2002; Ramus, 2004;
Swan and Goswami, 1997) that are assumed to be the core problem in
dyslexia (Gabrieli, 2009; Goswami, 2003; Hornickel and Kraus, 2013).
However, phonological deﬁcits could be explained by the lack of reading
experience, which can have a signiﬁcant effect on the neurobiological or-
ganization of the auditory–phonological reading network (Carreiras et al.,
2009; Dehaene et al., 2010; Gori and Facoetti, 2014). Hence, according to
some authors (Facoetti et al., 2010; Franceschini et al., 2012; Kevan and
Pammer, 2008; Stein, 2001, 2014; Valdois et al., 2012; Vidyasagar andPammer, 2010), a visual rather than a phonological deﬁcit is the underly-
ing cause of dyslexia. Other theories suggest that dyslexia can be ex-
plained as a deﬁcit in the exclusion of perceptual noise (Rufﬁno et al.,
2010; Rufﬁno et al., 2014; Sperling et al., 2005, 2006) or as a deﬁcit of
visual attention independent from the auditory–phonological abilities
(Solan et al., 2007; Vidyasagar and Pammer, 2010). LGN activity is
modulated by visual attention (O3Connor et al., 2002; Schneider, 2011;
Schneider and Kastner, 2009), which could be the mechanism through
which a deﬁcient magnocellular pathway causes reading disability
(Facoetti et al., 2010; Franceschini et al., 2012; Franceschini et al., 2013;
Gabrieli and Norton, 2012; Gori et al., 2014b; Stein, 2014; Steinman
et al., 1998; Vidyasagar and Pammer, 1999, 2010). Still other critics say
that deﬁcits in dyslexia are not generally speciﬁc to visual magnocellular
functions (Amitay et al., 2002), and several studies have failed to ﬁnd
functional magnocellular differences associated with dyslexia (e.g.
Farrag et al., 2002; Vanni et al., 1997; Victor et al., 1993). However, the
magnocellular theory does not claim that a magnocellular deﬁcit is the
single cause of the disorder, but instead interacts with other factors and
Table 1
Behavioral measures: for each group the mean (±SEM) is listed for age and for the stan-
dardized scores from the Full Scale (4) IQ, Performance IQ, Verbal IQ and Digit Span
(scaled) from the Wechsler Adult Intelligence Scale (WAIS-III) test (Wechsler, 1997);
Word Attack, Letter-Word Identiﬁcation, Spelling and the composite Basic Reading Skills
(percentile) from the Woodcock–Johnson Tests of Achievement (Woodcock et al.,
2001); and Phonological Awareness, Rapid Naming (digits and letters) and Alternate Rap-
id Naming (colors and objects) from the Comprehensive Test of Phonological Processing
(CTOPP) (Wagner et al., 1999). For each score, the p-value from a two-tailed t-test be-
tween groups is also given.
Dyslexia Control Signiﬁcance
Age (years) 24.08 ± 0.54 23.46 ± 0.37 .35
Full Scale (4) IQ 110.2 ± 2.2 114.2 ± 2.6 .25
Performance IQ 107.3 ± 3.0 110.3 ± 2.4 .44
Verbal IQ 110.8 ± 2.3 114.5 ± 2.9 .34
Digit Span 9.00 ± 0.78 11.00 ± 0.66 .063
Word Attack 23.7 ± 1.4 29.31 ± 0.64 .0015
Letter-Word Identiﬁcation 65.0 ± 1.0 71.54 ± 0.83 4.0 × 10−5
Spelling 41.4 ± 1.7 52.62 ± 0.59 2.7 × 10−6
Basic Reading Skills 28.3 ± 4.7 63.7 ± 4.2 9.0 × 10−6
Phonological Awareness 90.8 ± 3.7 98.4 ± 2.2 .092
Rapid Naming 81.8 ± 3.9 100.2 ± 3.8 .0025
Alternate Rapid Naming 88.0 ± 3.5 102.1 ± 5.1 .032
835M. Giraldo-Chica et al. / NeuroImage: Clinical 7 (2015) 830–836might only be a risk factor (Stein et al., 2000). Thus, while our results are
consistent with the magnocellular theory of dyslexia, they do not neces-
sarily contradict other theories.
The magnocellular theory has been more recently reformulated in
terms of a general temporal processing deﬁcit in dyslexia (Goswami,
2011; Lehongre et al., 2011; Pammer, 2013; Tallal, 1980; Vidyasagar,
2013) suggesting that children with dyslexia have speciﬁc deﬁcits in
processing rapid stimuli in either the visual or auditory modalities
(McLean et al., 2011).
Although we have observed anatomical differences in the LGN be-
tween subjects with dyslexia and controls, the functional signiﬁcance
of these ﬁndings is unclear. However, our results are consistent with
theories, like the magnocellular theory of dyslexia, that suggest that
dyslexia causes or is caused by changes in the early sensory systems.
Author contributions
MGC analyzed the data and wrote the paper, JPH performed the ex-
periments, KAS designed the research, performed the experiments,
wrote the paper and secured the funding. The authors declare no con-
ﬂicts of interest.
Acknowledgments
This studywas supported in part by The Dana Foundation.We thank
Marcela Giraldo Chica for comments on the manuscript and statistical
advice, Mirka Ondrack for statistical consultation, and Guinevere Eden
and her laboratory for advice, training and assistancewith the behavior-
al tests and for comments on the manuscript.
References
Amitay, S., Ben-Yehudah, G., Banai, K., Ahissar, M., 2002. Disabled readers suffer from vi-
sual and auditory impairments but not from a speciﬁc magnocellular deﬁcit. Brain
125 (10), 2272–2285. http://dx.doi.org/10.1093/brain/awf23112244084.
Andrews, T.J., Halpern, S.D., Purves, D., 1997. Correlated size variations in human visual cor-
tex, lateral geniculate nucleus, and optic tract. J. Neurosci. 17 (8), 2859–2868 (PMID:
9092607).
Avants, B.B., Epstein, C.L., Grossman, M., Gee, J.C., 2008. Symmetric diffeomorphic image
registrationwith cross-correlation: evaluating automated labeling of elderly and neu-
rodegenerative brain. Med. Image Anal. 12 (1), 26–41. http://dx.doi.org/10.1016/j.
media.2007.06.00417659998.
Carreiras, M., Seghier, M.L., Baquero, S., Estévez, A., Lozano, A., Devlin, J.T., Price, C.J., 2009.
An anatomical signature for literacy. Nature 461 (7266), 983–986. http://dx.doi.org/
10.1038/nature0846119829380.
Dehaene, S., Pegado, F., Braga, L.W., Ventura, P., Nunes Filho, G., Jobert, A., Dehaene-
Lambertz, G., Kolinsky, R., Morais, J., Cohen, L., 2010. How learning to read changesthe cortical networks for vision and language. Science 330 (6009), 1359–1364.
http://dx.doi.org/10.1126/science.119414021071632.
Demb, J.B., Boynton, G.M., Best, M., Heeger, D.J., 1998a. Psychophysical evidence for a
magnocellular pathway deﬁcit in dyslexia. Vision Res. 38 (11), 1555–1559. http://
dx.doi.org/10.1016/S0042-6989(98)00075-39747491.
Demb, J.B., Boynton, G.M., Heeger, D.J., 1998b. Functional magnetic resonance imaging of
early visual pathways in dyslexia. J. Neurosci. 18 (17), 6939–6951 (PMID: 9712663).
Démonet, J.F., Taylor, M.J., Chaix, Y., 2004. Developmental dyslexia. Lancet 363 (9419),
1451–1460. http://dx.doi.org/10.1016/S0140-6736(04)16106-015121410.
Derrington, A.M., Lennie, P., 1984. Spatial and temporal contrast sensitivities of neurones
in lateral geniculate nucleus of macaque. J. Physiol. 357, 219–240. http://dx.doi.org/
10.1113/jphysiol.1984.sp0154986512690.
Eden, G.F., Stein, J.F., Wood, H.M., Wood, F.B., 1995. Temporal and spatial processing in
reading disabled and normal children. Cortex 31 (3), 451–468. http://dx.doi.org/10.
1016/S0010-9452(13)80059-78536475.
Eden, G.F., Zefﬁro, T.A., 1998. Neural systems affected in developmental dyslexia revealed
by functional neuroimaging. Neuron 21 (2), 279–282. http://dx.doi.org/10.1016/
S0896-6273(00)80537-19728909.
Facoetti, A., Paganoni, P., Turatto, M., Marzola, V., Mascetti, G.G., 2000. Visual–spatial at-
tention in developmental dyslexia. Cortex 36 (1), 109–123. http://dx.doi.org/10.
1016/S0010-9452(08)70840-210728901.
Facoetti, A., Trussardi, A.N., Rufﬁno, M., Lorusso, M.L., Cattaneo, C., Galli, R., Molteni, M.,
Zorzi, M., 2010. Multisensory spatial attention deﬁcits are predictive of phonological
decoding skills in developmental dyslexia. J. Cogn. Neurosci. 22 (5), 1011–1025.
http://dx.doi.org/10.1162/jocn.2009.2123219366290.
Farrag, A.F., Khedr, E.M., Abel-Naser,W., 2002. Impaired parvocellular pathway in dyslexic
children. Eur. J. Neurol. 9 (4), 359–363. http://dx.doi.org/10.1046/j.1468-1331.2002.
00410.x12099918.
Franceschini, S., Gori, S., Rufﬁno, M., Pedrolli, K., Facoetti, A., 2012. A causal link between
visual spatial attention and reading acquisition. Curr. Biol. 22 (9), 814–819. http://dx.
doi.org/10.1016/j.cub.2012.03.01322483940.
Franceschini, S., Gori, S., Rufﬁno, M., Viola, S., Molteni, M., Facoetti, A., 2013. Action video
games make dyslexic children read better. Curr. Biol. 23 (6), 462–466. http://dx.doi.
org/10.1016/j.cub.2013.01.04423453956.
Gabrieli, J.D., 2009. Dyslexia: a new synergy between education and cognitive neuroscience.
Science 325 (5938), 280–283. http://dx.doi.org/10.1126/science.117199919608907.
Gabrieli, J.D., Norton, E.S., 2012. Reading abilities: importance of visual–spatial attention.
Curr. Biol. 22 (9), R298–RR299. http://dx.doi.org/10.1016/j.cub.2012.03.04122575465.
Galaburda, A., Livingstone, M., 1993. Evidence for a magnocellular defect in developmen-
tal dyslexia. Ann. N. Y. Acad. Sci. 682, 70–82. http://dx.doi.org/10.1111/j.1749-6632.
1993.tb22960.x8323161.
Gori, S., Cecchini, P., Bigoni, A., Molteni, M., Facoetti, A., 2014a.Magnocellular–dorsal path-
way and sub-lexical route in developmental dyslexia. Front. Hum. Neurosci. 8, 460.
http://dx.doi.org/10.3389/fnhum.2014.0046025009484.
Gori, S., Facoetti, A., 2014. Perceptual learning as a possible new approach for remediation
and prevention of developmental dyslexia. Vision Res. 99, 78–87. http://dx.doi.org/
10.1016/j.visres.2013.11.01124325850.
Gori, S., Mascheretti, S., Giora, E., Ronconi, L., Rufﬁno, M., Quadrelli, E., Facoetti, A., Marino,
C., 2014b. The DCDC2 Intron 2 deletion impairs illusory motion perception unveiling
the selective role of magnocellular–dorsal stream in reading (dis)ability. Cereb.
Cortex http://dx.doi.org/10.1093/cercor/bhu23425270309.
Goswami, U., 2003. Why theories about developmental dyslexia require developmental
designs. Trends Cogn. Sci. 7 (12), 534–540. http://dx.doi.org/10.1016/j.tics.2003.10.
00314643369.
Goswami, U., 2011. A temporal sampling framework for developmental dyslexia. Trends
Cogn. Sci. 15 (1), 3–10. http://dx.doi.org/10.1016/j.tics.2010.10.00121093350.
Hornickel, J., Kraus, N., 2013. Unstable representation of sound: a biological marker of
dyslexia. J. Neurosci. 33 (8), 3500–3504. http://dx.doi.org/10.1523/JNEUROSCI.
4205-12.201323426677.
Jenkinson, M., Bannister, P., Brady, M., Smith, S., 2002. Improved optimization for the robust
and accurate linear registration and motion correction of brain images. Neuroimage 17
(2), 825–841. http://dx.doi.org/10.1006/nimg.2002.113212377157.
Kevan, A., Pammer, K., 2008. Making the link between dorsal stream sensitivity
and reading. Neuroreport 19 (4), 467–470. http://dx.doi.org/10.1097/WNR.
0b013e3282f5f7ad18287948.
Kronbichler, M., Hutzler, F., Wimmer, H., 2002. Dyslexia: verbal impairments in the ab-
sence of magnocellular impairments. Neuroreport 13 (5), 617–620. http://dx.doi.
org/10.1097/00001756-200204160-0001611973457.
Laycock, R., Crewther, S.G., 2008. Towards an understanding of the role of the ‘magnocellular
advantage’ in ﬂuent reading. Neurosci. Biobehav. Rev. 32 (8), 1494–1506. http://dx.doi.
org/10.1016/j.neubiorev.2008.06.00218588912.
Lehongre, K., Ramus, F., Villiermet, N., Schwartz, D., Giraud, A.L., 2011. Altered low-gamma
sampling in auditory cortex accounts for the three main facets of dyslexia. Neuron 72
(6), 1080–1090. http://dx.doi.org/10.1016/j.neuron.2011.11.00222196341.
Livingstone, M.S., Rosen, G.D., Drislane, F.W., Galaburda, A.M., 1991. Physiological
and anatomical evidence for a magnocellular defect in developmental dyslexia.
Proc. Natl. Acad. Sci. U. S. A. 88 (18), 7943–7947. http://dx.doi.org/10.1073/
pnas.88.18.79431896444.
Lovegrove, W., Martin, F., Bowling, A., Blackwood, M., Badcock, D., Paxton, S., 1982. Con-
trast sensitivity functions and speciﬁc reading disability. Neuropsychologia 20 (3),
309–315. http://dx.doi.org/10.1016/0028-3932(82)90105-17121798.
Lovegrove, W.J., Bowling, A., Badcock, D., Blackwood, M., 1980. Speciﬁc reading disability:
differences in contrast sensitivity as a function of spatial frequency. Science 210
(4468), 439–440. http://dx.doi.org/10.1126/science.74339857433985.
Martin, F., Lovegrove, W., 1984. The effects of ﬁeld size and luminance on contrast sensi-
tivity differences between speciﬁcally reading disabled and normal children.
836 M. Giraldo-Chica et al. / NeuroImage: Clinical 7 (2015) 830–836Neuropsychologia 22 (1), 73–77. http://dx.doi.org/10.1016/0028-3932(84)90009-
56709178.
Martin, F., Lovegrove, W., 1987. Flicker contrast sensitivity in normal and speciﬁcally dis-
abled readers. Perception 16 (2), 215–221. http://dx.doi.org/10.1068/p1602153684483.
Mason, A.J., Cornelissen, P.L., Fowler, M.S., Stein, J.F., 1993. Static and ﬂicker contrast sen-
sitivity in children with unstable visual direction sense. Clin. Vis. Sci. 8, 345–353.
McLean, G.M., Stuart, G.W., Coltheart, V., Castles, A., 2011. Visual temporal processing in dys-
lexia and the magnocellular deﬁcit theory: the need for speed? J. Exp. Psychol. Hum.
Percept. Perform. 37 (6), 1957–1975. http://dx.doi.org/10.1037/a002466821823808.
Merigan, W.H., Maunsell, J.H., 1993. How parallel are the primate visual pathways? Annu.
Rev. Neurosci. 16, 369–402. http://dx.doi.org/10.1146/annurev.ne.16.030193.
0021018460898.
O3Connor, D.H., Fukui, M.M., Pinsk, M.A., Kastner, S., 2002. Attention modulates responses
in the human lateral geniculate nucleus. Nat. Neurosci. 5 (11), 1203–1209. http://dx.
doi.org/10.1038/nn95712379861.
Okubo, M., Nicholls, M.E., 2005. Hemispheric asymmetry in temporal resolution: contri-
bution of the magnocellular pathway. Psychon. Bull. Rev. 12 (4), 755–759. http://
dx.doi.org/10.3758/BF0319676916447393.
Olulade, O.A., Napoliello, E.M., Eden, G.F., 2013. Abnormal visual motion processing is not
a cause of dyslexia. Neuron 79, 180–190.
Pammer, K., 2013. Temporal sampling in vision and the implications for dyslexia. Front.
Hum. Neurosci. 7, 933. http://dx.doi.org/10.3389/fnhum.2013.0093324596549.
Peterson, R.L., Pennington, B.F., 2012. Developmental dyslexia. Lancet 379 (9830),
1997–2007. http://dx.doi.org/10.1016/S0140-6736(12)60198-622513218.
Ramus, F., 2004. Neurobiology of dyslexia: a reinterpretation of the data. Trends Neurosci.
27 (12), 720–726. http://dx.doi.org/10.1016/j.tins.2004.10.00415541512.
Rufﬁno, M., Gori, S., Boccardi, D., Molteni, M., Facoetti, A., 2014. Spatial and temporal at-
tention in developmental dyslexia. Front. Hum. Neurosci. 8, 331. http://dx.doi.org/
10.3389/fnhum.2014.0033124904371.
Rufﬁno, M., Trussardi, A.N., Gori, S., Finzi, A., Giovagnoli, S., Menghini, D., Benassi, M.,
Molteni, M., Bolzani, R., Vicari, S., Facoetti, A., 2010. Attentional engagement deﬁcits
in dyslexic children. Neuropsychologia 48 (13), 3793–3801. http://dx.doi.org/10.
1016/j.neuropsychologia.2010.09.00220833191.
Satz, P., Rardin, D., Ross, J., 1971. An evaluation of a theory of speciﬁc developmental dys-
lexia. Child Dev. 42 (6), 2009–2021. http://dx.doi.org/10.1111/j.1467-8624.1971.
tb03788.x5146027.
Schneider, K.A., 2011. Subcortical mechanisms of feature-based attention. J. Neurosci. 31
(23), 8643–8653. http://dx.doi.org/10.1523/JNEUROSCI.6274-10.201121653868.
Schneider, K.A., Kastner, S., 2009. Effects of sustained spatial attention in the human lat-
eral geniculate nucleus and superior colliculus. J. Neurosci. 29 (6), 1784–1795.
http://dx.doi.org/10.1523/JNEUROSCI.4452-08.200919211885.
Schwarzkopf, D.S., Rees, G., 2013. Subjective size perception depends on central visual
cortical magniﬁcation in human v1. PLOS ONE 8 (3), e60550. http://dx.doi.org/10.
1371/journal.pone.006055023536915.
Schwarzkopf, D.S., Song, C., Rees, G., 2011. The surface area of human V1 predicts the sub-
jective experience of object size. Nat. Neurosci. 14 (1), 28–30. http://dx.doi.org/10.
1038/nn.270621131954.
Shaywitz, S.E., 1998. Dyslexia. N. Engl. J. Med. 338 (5), 307–312. http://dx.doi.org/10.
1056/NEJM1998012933805079445412.
Skottun, B.C., 2001a. On the use of metacontrast to assess magnocellular function in dys-
lexic readers. Percept. Psychophys. 63 (7), 1271–1274. http://dx.doi.org/10.3758/
BF0319454011766950.
Skottun, B.C., 2001b. On the use of the Ternus test to assess magnocellular function. Per-
ception 30 (12), 1449–1457. http://dx.doi.org/10.1068/p320411817752.
Skottun, B.C., 2004. On the use of red stimuli to isolate magnocellular responses in psy-
chophysical experiments: a perspective. Vis. Neurosci. 21 (1), 63–68. http://dx.doi.
org/10.1017/S095252380404106915137582.
Skottun, B.C., Skoyles, J., 2007. Yellow ﬁlters, magnocellular responses, and reading. Int.
J. Neurosci. 117 (2), 287–293. http://dx.doi.org/10.1080/0020745050053407617365114.
Skottun, B.C., Skoyles, J.R., 2006a. Is coherent motion an appropriate test for
magnocellular sensitivity? Brain Cogn. 61 (2), 172–180. http://dx.doi.org/10.1016/j.
bandc.2005.12.00416455172.
Skottun, B.C., Skoyles, J.R., 2006b. The use of phantom contours to isolate magnocellular
and parvocellular responses. Int. J. Neurosci. 116 (3), 315–320. http://dx.doi.org/10.
1080/0020745050040333016484057.
Smith, S.M., Nichols, T.E., 2009. Threshold-free cluster enhancement: addressing problems of
smoothing, threshold dependence and localisation in cluster inference. Neuroimage 44
(1), 83–98. http://dx.doi.org/10.1016/j.neuroimage.2008.03.06118501637.
Solan, H.A., Hansen, P.C., Shelley-Tremblay, J., Ficarra, A., 2003. Coherentmotion threshold
measurements for M-cell deﬁcit differ for above- and below-average readers. Optom-
etry 74 (11), 727–734 (PMID: 14653660).
Solan, H.A., Shelley-Tremblay, J.F., Hansen, P.C., Larson, S., 2007. Is there a common
linkage among reading comprehension, visual attention, and magnocellular
processing? J. Learn. Disabil. 40 (3), 270–278. http://dx.doi.org/10.1177/
0022219407040003070117518218.Solomon, S.G., Peirce, J.W., Dhruv, N.T., Lennie, P., 2004. Profound contrast adaptation
early in the visual pathway. Neuron 42 (1), 155–162. http://dx.doi.org/10.1016/
S0896-6273(04)00178-315066272.
Sperling, A.J., Lu, Z.L., Manis, F.R., Seidenberg, M.S., 2005. Deﬁcits in perceptual noise ex-
clusion in developmental dyslexia. Nat. Neurosci. 8 (7), 862–863. http://dx.doi.org/
10.1038/nn147415924138.
Sperling, A.J., Lu, Z.L., Manis, F.R., Seidenberg, M.S., 2006. Motion-perception deﬁcits and
reading impairment: it3s the noise, not the motion. Psychol. Sci. 17 (12),
1047–1053. http://dx.doi.org/10.1111/j.1467-9280.2006.01825.x17201786.
Stein, J., 2001. Themagnocellular theory of developmental dyslexia. Dyslexia 7 (1), 12–36.
http://dx.doi.org/10.1002/dys.18611305228.
Stein, J., 2014. Dyslexia: the role of vision and visual Attention. Curr Dev Disord Rep 1 (4),
267–280. http://dx.doi.org/10.1007/s40474-014-0030-625346883.
Stein, J., Talcott, J., Walsh, V., 2000. Controversy about the visual magnocellular deﬁcit in
developmental dyslexics. Trends Cogn. Sci. 4 (6), 209–211. http://dx.doi.org/10.1016/
S1364-6613(00)01484-410827442.
Stein, J., Walsh, V., 1997. To see but not to read; themagnocellular theory of dyslexia. Trends
Neurosci. 20 (4), 147–152. http://dx.doi.org/10.1016/S0166-2236(96)01005-39106353.
Stein, J.F., 1994. Developmental dyslexia, neural timing and hemispheric lateralisation. Int.
J. Psychophysiol. 18 (3), 241–249. http://dx.doi.org/10.1016/0167-8760(94)90010-
87775221.
Steinman, S.B., Steinman, B.A., Garzia, R.P., 1998. Vision and attention. II: is visual atten-
tion a mechanism through which a deﬁcient magnocellular pathway might cause
reading disability? Optom. Vis. Sci. 75 (9), 674–681. http://dx.doi.org/10.1097/
00006324-199809000-000239778701.
Swan, D., Goswami, U., 1997. Phonological awareness deﬁcits in developmental dyslexia
and the phonological representations hypothesis. J. Exp. Child Psychol. 66 (1),
18–41. http://dx.doi.org/10.1006/jecp.1997.23759226932.
Tallal, P., 1980. Auditory temporal perception, phonics, and reading disabilities in chil-
dren. Brain Lang. 9 (2), 182–198. http://dx.doi.org/10.1016/0093-934X(80)90139-
X7363063.
Valdois, S., Lassus-Sangosse, D., Lobier, M., 2012. Impaired letter-string processing in de-
velopmental dyslexia: what visual-to-phonology code mapping disorder? Dyslexia
18 (2), 77–93. http://dx.doi.org/10.1002/dys.143722434589.
van Herten, M., Pasman, J., van Leeuwen, T.H., Been, P.H., van der Leij, A., Zwarts, F.,
Maassen, B., 2008. Differences in AERP responses and atypical hemispheric specializa-
tion in 17-month-old children at risk of dyslexia. Brain Res. 1201, 100–105. http://dx.
doi.org/10.1016/j.brainres.2008.01.06018295753.
Vanni, S., Uusitalo, M.A., Kiesilä, P., Hari, R., 1997. Visual motion activates V5 in dyslexics.
Neuroreport 8 (8), 1939–1942. http://dx.doi.org/10.1097/00001756-199705260-
000299223081.
Verghese, A., Kolbe, S.C., Anderson, A.J., Egan, G.F., Vidyasagar, T.R., 2014. Functional size
of human visual area V1: a neural correlate of top-down attention. Neuroimage 93
(1), 47–52. http://dx.doi.org/10.1016/j.neuroimage.2014.02.02324583254.
Victor, J.D., Conte, M.M., Burton, L., Nass, R.D., 1993. Visual evoked potentials in dyslexics
and normals: failure to ﬁnd a difference in transient or steady-state responses. Vis.
Neurosci. 10 (5), 939–946. http://dx.doi.org/10.1017/S09525238000061558217943.
Vidyasagar, T.R., 2004. Neural underpinnings of dyslexia as a disorder of visuo-spatial at-
tention. Clin. Exp. Optom. 87 (1), 4–10. http://dx.doi.org/10.1111/j.1444-0938.2004.
tb03138.x14720113.
Vidyasagar, T.R., 2013. Reading into neuronal oscillations in the visual system: implica-
tions for developmental dyslexia. Front. Hum. Neurosci. 7, 811. http://dx.doi.org/10.
3389/fnhum.2013.0081124348361.
Vidyasagar, T.R., Pammer, K., 1999. Impaired visual search in dyslexia relates to the role of
the magnocellular pathway in attention. Neuroreport 10 (6), 1283–1287. http://dx.
doi.org/10.1097/00001756-199904260-0002410363940.
Vidyasagar, T.R., Pammer, K., 2010. Dyslexia: a deﬁcit in visuo-spatial attention, not in
phonological processing. Trends Cogn. Sci. 14 (2), 57–63. http://dx.doi.org/10.1016/
j.tics.2009.12.00320080053.
Wagner, R.K., Torgesen, J.K., Rashotte, C.A., 1999. Comprehensive Test of Phonological Pro-
cessing. Pro-Ed, Austin, TX.
Wechsler, D., 1997. Wechsler Adult Intelligence Scale third edition. Pearson, San Antonio,
TX.
Wilmer, J.B., Richardson, A.J., Chen, Y., Stein, J.F., 2004. Two visual motion processing deﬁcits
in developmental dyslexia associated with different reading skills deﬁcits. J. Cogn.
Neurosci. 16 (4), 528–540. http://dx.doi.org/10.1162/08989290432305727215165346.
Woodcock, R.W., McGrew, K.S., Mather, N., 2001. Woodcock–Johnson III Tests of Achieve-
ment. Riverside Publications, Rolling Meadows, IL.
Zhang, Y., Brady, M., Smith, S., 2001. Segmentation of brain MR images through a hid-
den Markov random ﬁeld model and the expectation–maximization algorithm. I.
E.E.E. Transactions Med. Imaging 20 (1), 45–57. http://dx.doi.org/10.1109/42.
90642411293691.
